Background: Population-level monitoring of hepatitis C virus (HCV) infected people across the cascade of care identifies gaps in access and engagement in care and treatment. We characterized a population-level cascade of care for HCV in British Columbia (BC), Canada and identified factors associated with leakage at each stage. Methods: The BC Hepatitis Testers Cohort (BC-HTC) includes 1.5 million individuals tested for HCV, HIV, reported cases of hepatitis B, and active tuberculosis in BC from 1990 to 2013 linked to medical visits, hospitalizations, cancers, prescription drugs and mortality data. We defined six HCV cascade of care stages: 1) estimated population prevalence; 2) HCV diagnosed; 3) HCV RNA tested; 4) genotyped; 5) initiated treatment; and 6) achieved sustained virologic response (SVR). Results: We estimated that 73,203 people were HCV antibody positive in BC in 2012 (undiagnosed: 18,301, 25%; diagnosed: 54,902, 75%). Of these, 56%(40,656) had HCV RNA testing; 34%(26,300) were genotyped; 12%( 8532 ) had received interferon-based therapy and 7%(5197) had SVR. Males, older birth cohorts, and HBV coinfected were less likely to undergo HCV RNA testing. Among those with chronic HCV infection, 32% had received liverrelated care. Retention in liver care was more likely in those with HIV, cirrhosis, and drug/alcohol use and less likely in males and HBV coinfected. Conclusions: Although there are gaps in HCV RNA testing and genotyping after HCV diagnosis, the major gap in the cascade of care was low treatment initiation. People with comorbidities progressed through the cascade of testing and care but few received treatment.
Introduction
Hepatitis C virus (HCV) is a major global public health problem. Although HCV incidence is declining, morbidity and mortality related to chronic HCV infection are increasing (Aspinall et al., 2015; Kuo et al., 2015) . In many countries worldwide, the majority of infected individuals acquired the HCV decades ago, and are now increasingly presenting with serious liver-related illnesses including decompensated cirrhosis and hepatocellular carcinoma . Potentially curative interferon based treatments have been available for N15 years, but b15% of those infected had been treated. HCV cure is associated with reduced morbidity and mortality (Simmons et al., 2015; Singal et al., 2010) .
Availability of well-tolerated, short-course (8-12 weeks), interferon-free, direct-acting antiviral (DAA) drugs with cure rates approaching 95% is expected to be a game changer in preventing progressive liver disease Smith and Lim, 2015) . However, for these drugs to have major population-level impact on morbidity and mortality, screening efforts must reach undiagnosed individuals, diagnosed individuals must be linked with care and people remain engaged with care to be assessed for and receive treatment.
The cascade of care has been used to monitor the progress of HIV programs aimed at reducing the epidemic impact on individuals and populations (Nosyk et al., 2014) . Monitoring the HCV affected population across stages of a cascade of care (diagnosis, linkage with care, treatment, and cure) at a broader population level provides a measure of program effectiveness and identifies service and access gaps.
Population-level program progress and effectiveness data is critical to policy makers for forecasting budgetary impacts of treatment with very expensive drugs. The HCV cascade of care has been presented for specific population groups such as US veterans or small community programs for people who inject drugs (PWID) but not for an overall population (Maier et al., 2016; Viner et al., 2015; Wade et al., 2015) .
In British Columbia (BC), DAAs became available in 2014 and are publicly-funded for people with advanced liver disease (≥F2 METAVIR or equivalent). The data presented in this paper based on all tested and diagnosed individuals in BC characterized the population-level HCV cascade of care in BC, Canada, and identified factors associated with leakage at each stage. This provides a population-based benchmark for monitoring the progress of hepatitis care programming to guide policy in British Columbia which can also be used as a framework for other jurisdictions internationally.
Methods

Setting
The study presents data from the province of BC, Canada. All residents of BC are registered in publicly funded Medical Services Plan (MSP) that act as a single payer system and covers services provided by fee for service practitioners including general practices, private laboratories and other fee for service providers. HCV laboratory testing for the entire province is centralized at BC Public Health Laboratory (BCPL) except for b5% of tests performed at a regional laboratory which sends positive tests to BCPHL for confirmation. Prescription drugs are either covered by public program for eligible patients or by their private extended health insurance which is usually provided by employers. All dispensed prescriptions are recorded in central system called PharmaNet. Interferon-based combination therapies (Interferon/Ribavirin) for HCV treatment were first publicly funded in 2000 and the more efficacious Pegylated interferon/Ribavirin therapy became available in May 2003.
The Cohort
We used data from the BC Hepatitis Testers Cohort (BC-HTC). The BC-HTC construction and data linkage has been described elsewhere (Janjua et al., 2016a; Janjua et al., 2016b) . Briefly, the BC-HTC includes all individuals tested for HCV or HIV, or reported as a case of HBV, HCV, HIV or active tuberculosis (TB) in BC between 1990 and 2013 linked with data on medical visits, hospitalizations, cancers, prescription drugs, and deaths (BC Vital Statistics Agency, 2014; British Columbia Ministry of Health, 2014a,b,c,d,e) . For this evaluation of the HCV cascade of care, individuals had to be alive on December 31st, 2012 and HCV diagnosed on or before December 31st, 2012. This study was approved by the University of British Columbia Research Ethics Board (H14-01649).
Cascade of Care
We used the 2012 BC population estimate (4,542,508 persons) as the denominator for prevalence calculations (Stats, 2012) . Table 1 provides operational definitions for six stages of the HCV cascade of care: 1) estimated population prevalence; 2) HCV diagnosed; 3) HCV RNA tested; 4) genotyped; 5) initiated antiviral treatment; and 6) sustained virologic response (SVR). Genotyping was used as proxy for linkage with HCV care, though this may change with streamlined testing cascade. We applied these definitions to the data to estimate the number and proportion of individuals in each stage.
Estimate of Viraemia
The estimate of actively infected persons in BC in 2012 was based on: 1) the number of untreated individuals in which the last HCV RNA test on record is positive; 2) 75% of those who were positive by antibody testing and had no HCV RNA or genotype testing done as about 25% of antibody positive individuals clear infection spontaneously; 3) 75% of the untested and undiagnosed estimate; 4) those treated individuals determined not to have achieved SVR.
Characteristics of HCV Diagnosed and those with and without RNA Testing or Genotyping
We described the demographic characteristics and comorbidity profile of HCV diagnosed including: individuals with and without RNA testing; and RNA positive individuals with and without HCV genotyping. Demographic characteristics included sex, age in 2012, birth cohort (b1945, 1945-1964, 1965-1974, ≥1974) , and social and material deprivation quintiles (Pampalon et al., 2009) . Comorbidity indicators were derived from MSP data containing physician fee-for-service billing and diagnostic codes, and hospitalization data for mental health diagnoses, problematic alcohol and drug use, recent hospitalization, Elixhauser comorbidity index, cirrhosis, and decompensated cirrhosis (SupplementTable 1) (Kramer et al., 2008; Lo Re et al., 2011; McDonald et al., 2010; Nehra et al., 2013) . We assessed factors associated with not having 2254638, 2254646, 2371448, 2371456, 2371464, 2371472, 2371553, 2370816, 2241159, 2239730, 2246030, 2246028, 2246029, 2246027, 2246026, 2253410, 2253429, 2254581 . c HCV RNA data up to Dec. 31st, 2013 was included to allow assessment of SVR for 2012 treatment starts.
received RNA testing and HCV genotyping using multivariable logistic regression modeling.
Engagement with Care
Engagement in liver related care was defined as at least one medical visit to a gastroenterologist, infectious disease specialist, internal medicine specialist, or general/family practitioner for a liver-related diagnostic code or fee item(including tests for monitoring liver function); or a liver-related hospitalization; or a liver biopsy; or HCV genotyping or current HCV treatment (Supplement- Table 2 ).
To assess 2012 levels of healthcare engagement among known positives, we excluded subjects known to be HCV RNA negative at the last HCV RNA test on record and those with inadequate follow-up time (b-12 months) during the most recent two years of data, 2011-2012, or diagnosis on or after January 1st, 2012. To better distinguish those not attending primary care from those who may have out-migrated from the province, we excluded individuals who had no record in the MSP client roster and no medical visits or hospitalization from 2007 to 2012. Those remaining are most likely to be viraemic and still requiring assessment for treatment. We then assessed medical visit and hospitalization records in 2011-2012 to determine and categorize individuals as: 1) retained in liver-related care; 2) retained in primary healthcare but not liver-related care; or 3) not retained in primary healthcare. We compared characteristics of those retained in primary care, and those not retained in care with those retained in liver-related care in 2011-12 by multinomial logistic regression modeling.
Role of the Funding Source
The BC Centre for Disease Control supported construction of the BC-HTC to inform policy and program related to HCV in British Columbia. The funders of the study had no role in study design, data analysis, data interpretation, or writing of the article. NJ has full access to all the data in the study and made decision to submit the paper for publication.
Results
Estimated HCV Population Distribution across Cascade of Care
There were 54,902 HCV diagnosed individuals alive by the end of 2012, 1.2% of the 2012 BC population (Table 1) . Although literature and national modeling estimates suggest that 20-44% of HCV infections remain undiagnosed in Canada (Trubnikov et al., 2014) , because of high HCV testing rates in BC and declining positivity among baby boomers (born 1945-64), (Janjua et al., 2016b; Consolacion et al., 2015) we used an undiagnosed estimate of 25%, bringing the anti-HCV prevalence in BC in 2012 to 73,203(1.6% of the population). Of these, 56% (40,656) had at least one HCV RNA test; 36% (26,300) had genotype testing; 12% (8532) had been dispensed treatment; and 7% (5197) were estimated to have achieved SVR (Fig. 1) .
Diagnosed and Tested Subjects across the Cascade of Care
Of 54,902 HCV diagnosed individuals alive at the end of 2012, 40,656 (74%) had at least one HCV RNA test on record. Among these, 9842 (Fig. 1) .
Estimated Population Prevalence of Active Infection
We estimated 50,027 persons were actively infected in 2012: 1) 22,282 untreated individuals with HCV RNA testing on record, in which the last HCV RNA test on record remained positive; 2) 75% (10,684) of 14,246, who were positive by antibody testing only (no HCV RNA on record); 3) 75% (13,726) of the 18,301 undiagnosed estimate; and 4) 3335 treated individuals who did not achieved SVR.
Characteristics of HCV Diagnosed
Almost two-thirds of the 54,902 HCV diagnosed individuals were male. Sixty-two percent were born 1945-1964 with an additional 6% born before 1945, thus, two-thirds are currently 50 years of age or older ( Table 2) . Prevalence of HIV, HBV and active TB coinfection was 5.8%, 3.8%, and 0.6%, respectively. The proportion with a history of a major mental health diagnosis was high (30%), as was problematic alcohol (36%) and drug use (51%).
Three-quarters of HCV diagnosed had at least one HCV RNA test on record, and males had higher odds than females of not being HCV RNA tested (adjusted odds ratio (AdjOR) = 1.23; 95%CI:1.18,1.28) ( Table  2) . As compared to the youngest birth cohort(born ≥1975), older birth cohorts were less likely to be HCV RNA tested and those born before 1945 were least likely to have RNA testing. Those with HIV coinfection were more likely to be tested for RNA (AdjOR = 0.63, 95%CI: 0.57,0.69) while those with HBV coinfection were more likely to lack RNA testing (AdjOR = 1.67; 95%CI:1.52,1.83).
Among the 30,841 HCV RNA positive people, 85% underwent genotyping (Supplement Table 3 ). Those born 1945-64 were the most likely to be genotyped. HIV coinfection remained associated with moving forward in the testing continuum while those with HBV coinfection were slightly less likely to be genotyped. Drug use history was associated with a higher odds of not being genotyped (AdjOR = 1.17; 95%CI:1.09, 1.22) as were those in the lowest socioeconomic quintile.
Retention in Healthcare and HCV-Related Care
31,511 individuals, known to be HCV positive at the last test on record and eligible for the analysis based on adequate follow-up time were assessed for retention in the healthcare system and liver-related care during the 2011-2012 (Table 3) . Of these, 10,083(32%) were found be retained in liver-related care; 17,358(55%) were found to be retained in primary healthcare but not in liver-related care; and 4070(13%) had no physician or hospital visits in the two year period, suggesting lack of retention in any care. The 31,511 individuals assessed were predominantly older and male, with over half falling in the lowest two material deprivation quintiles. As expected due to shorter followup time, recent mental health and substance use indicators were lower than lifetime history, particularly for alcohol. However, 32% of this group experienced a hospitalization in 2011-2012 and one-third had a least one comorbidity.
In multivariable model (Table 4) , compared to those retained in liver-related care, those retained in primary care only were more likely to be female, older, and HBV coinfected. Those with HIV, cirrhosis, or drug use were more likely to be in liver care. Compared to those in liver care, those not retained in any care in 2011-12 had higher odds of being male, HBV co-infected and born in [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] (Table 4) . People with HIV, cirrhosis, mental illness, alcohol, and drug use were less likely to be not in any care.
In those with a least one treatment dispensation (n = 8532), most (73%) were born in [1945] [1946] [1947] [1948] [1949] [1950] [1951] [1952] [1953] [1954] [1955] [1956] [1957] [1958] [1959] [1960] [1961] [1962] [1963] [1964] (Table 3) . Small proportion of HIV (4.8%) and HBV (2.8%) coinfected individuals were ever dispensed treatment. While 10% of those in liver-related monitoring or care are HIV coinfected, this was 5% in the dispensed treatment group. Of 2094 HCV RNA positive individuals who were also HIV positive, 408(20%) were ever dispensed HCV treatment. Finally, the treatment group had a low proportion of individuals with a history illicit drug use.
Discussion
This population-based study characterized the cascade of HCV care in British Columbia, Canada. A large proportion of antibody positive persons received HCV RNA testing (75%) and subsequent genotyping (80%). In recent years, HCV RNA testing has increased to N 80% of those diagnosed. However, only a small proportion initiated HCV treatment and were subsequently cured. Males, older birth cohorts, and those with HBV coinfection were less likely to undergo HCV RNA testing while those with a history of illicit drug use were less likely to be genotyped. People with HIV, cirrhosis, problem drug or alcohol use were more likely to be in liver care while males and those with HBV coinfection were less likely to be retained in care. In summary, most people moved along the testing continuum, but retention in care and treatment initiation were major gaps. People with major comorbidities have been more engaged in the testing continuum, but few had initiated treatment in the interferon era. These findings have important implications for HCV prevention, care and treatment programs.
We demonstrated that linked administrative datasets that integrate data from various sources similar to the BC-HTC could be used to monitor the progress of HCV infected individuals across the cascade of care to assess program effectiveness in providing services at various stages of the cascade. We identified characteristics (demographic, comorbidities, co-infections, socioeconomic and geographic disparities) of HCV patients who did not progress to the next stage of care that could be used to realign services and programs to target individuals not progressing and falling behind along the cascade. The cascade was presented at the provincial level but is replicable for regions within BC to assess local program progress to inform interventions for Treated subjects were alive (no death record) as of 31-Dec.-2012 and had a least one dispensation record for an eligible HCV pharmacotherapy drug prior to 2013. a Note that treated subjects are appended for comparison but most were not eligible for the retention evaluation and some measures cannot be compared. b All percentages displayed are column percent, except for the first row, which is row percent.
improvements. In summary, the cascade serves as an instrument to guide the policy to achieve the World Health Organization's goal of HCV elimination (World Health Organization, 2016) . Although, HCV RNA and genotype testing rates have improved in recent years and are similar to those reported for HCV positive Veterans and Kaiser Permanente members in the United States (95%) and higher than for primary care in Canada and United States (47.0% to 60.9%), there is a further need to reduce the gap between those antibody diagnosed and those undergoing further testing (Maier et al., 2016; Jonas et al., 2016; Spradling et al., 2014; Viner et al., 2015) . We demonstrated that people with high risk activities progress to RNA testing while men and older cohorts, especially those born in 1945-64 lacked RNA testing (Spradling et al., 2014; Cachay et al., 2014) . A major factor for lack of genotyping among those RNA tested was history of drug use. Data from Canada and other countries suggest that lack of knowledge among primary care physicians, especially those not involved in providing care to those with known risk activities, regarding next steps in the cascade and poor knowledge among patients are associated with the gap from HCV diagnosis to RNA testing (Butt et al., 2013; Grebely et al., 2013; Guirgis et al., 2012) . Although guidelines and education for primary care physicians are important instruments to bridge this gap, a single blood sample test strategy in which those testing positive for antibody are also tested for RNA (reflex testing) and possibly for genotype could be an effective structural intervention to bridge this gap. Reflex testing for RNA has been implemented in the VA system and recently in Kaiser Permanente system, and was associated with higher RNA testing rates (Maier et al., 2016; Jonas et al., 2016) .
Despite a robust testing continuum for those accessing screening, BC remains similar to the US, Australia and other countries in initiating treatment (Maier et al., 2016; Viner et al., 2015; Lazarus et al., 2014; Hajarizadeh et al., 2016) . We found that a small proportion (15%) of HCV diagnosed individuals initiated HCV treatment by 2012. Those who did not progress to treatment, even while in liver care included those with HIV coinfection and people currently engaged in illicit drug use. Factors related to poor tolerability and efficacy of interferon based treatments along with other factors at the patient (poor knowledge, unemployment, competing priorities, stigma, lack insurance and provider relationship), provider (perception of poor adherence, ongoing substance use, psychiatric illness, potential re-infection) and, system (lack of consensus on screening and treatment and coverage of HCV treatments) levels have been reported to be associated with lower treatment rates in these populations in Canada and other settings (Grebely et al., 2013; Aspinall et al., 2013) . DAAs are expected to overcome some of these barriers, though high drug costs may affect reimbursement coverage.
Those with HBV coinfection were less likely to have HCV RNA testing and thus be aware of their HCV infection status; and be retained in any liver-related monitoring or care. The inability to move forward in the initial testing stages of the HCV cascade of care precludes being offered treatment, as also seen in the low numbers of HBV positive persons dispensed treatment. Chronic HBV is more common in immigrants from HBV endemic countries. Further characterization of HCV-HBV coinfection is needed, including evaluation by ethnicity, to clarify factors related to lack of RNA testing and progression in the HCV cascade of care. Immigrants from HCV endemic countries have a high burden of HCV but data on the current burden in BC is limited. Characterization of burden and assessment of progression across the cascade of care among immigrants is needed.
Despite comprehensive data available to us for characterization of the cascade of care, there are several limitations that impact each stage. The estimate of prevalent HCV cases is based on the number of HCV undiagnosed cases derived in a national model based on reported cases and survey data (Trubnikov et al., 2014) . Historically, BC has tested more individuals for HCV(by December 2014, 33% of BC's population has been tested at least once) than other provinces and in recent years testing volumes have increase substantially, suggesting our undiagnosed proportion may be lower than the national average (Consolacion et al., 2015) . We have also seen decline in HCV positivity among baby boomers from 13% in 2001 to 2% in 2013, suggesting declining pool of undiagnosed individuals in BC (Janjua et al., 2016b) . All these data suggest lower percentage of undiagnosed individuals in BC than national average. In our evaluation of those requiring ongoing monitoring and care, we excluded those with patterns suggesting outmigration. While unlikely, a small proportion of these people may still be in the province but not accessing care. We used diagnostic codes in administrative datasets to assess history of mental illness and substance use. This raises multiple issues: bias towards underestimating prevalence in those less engaged in healthcare, and potential misclassification related to sensitivity and specificity of these measures. Potentially lower linkage rates in vulnerable groups would result in less representation of homeless, street-involved, and incarcerated individuals (Janjua et al., 2016a) .
We have demonstrated the utility of the BC-HTC integrating data from various sources to monitor the progress of HCV infected individuals across the cascade of care, which will inform refinement in programs and policies in British Columbia to optimize HCV response within the context of a changed treatment landscape. Similar systems could be established in other jurisdictions to monitor program progress. In BC, HCV infected individuals; especially those with high risk conditions, progressed well through the testing continuum and also had liver monitoring, though some gaps remain. The major gap in the HCV cascade of care remains treatment initiation. Efforts are needed to estimate the number of undiagnosed individuals, and to assess cost effectiveness of various screening options to inform the optimal screening strategy. Implementation of reflex RNA testing would bridge the gap between HCV diagnosis and confirmation of active infection. There is also a need to link older populations with multiple comorbidities and a second group of younger, less engaged persons into care. BC needs to work across multiple levels of the healthcare system to define the supports required to link into care those who remain unassessed as well as to expand capacity to assess and treat in a variety of settings. Table 3 , there were 31,511 persons eligible for evaluation of retention in care.
They were categorized as retained in liver-related monitoring or care; primary care; no care. The referent group is those retained in liver monitoring or care (n = 10,083) (32%).
